DISCLAIMER
Portions of this document may be illegible in electronic image products. Images are produced from the best available original document. An obvious ;difficulty in pipe-intersection problems is their geometrical complexity and variability. For all but the simplest problems, many parameters are required to describe a configuration, and it .is' of. interest to examine the behavior of the system as the parameter values are varied singly and in combination. Such a study leads to the problem of choosing certain parameters whose values characterize the criticality safety aspect of a particular arrangement. The only type of pipe geometry treated hePe relates to a main pipe, referred to as the central column, which is intersected by smaller pipes, called arms. The arms are usually arranged in layers, where a layer is a group of arms whose axes intersect t~e column in a plane perpendicular to the axis of the column. Some of the parameters considered ·are column dimensions, arm diameter, number of arms, spacing bet~een layers of arms, and the angle between arm and column. The empirical model described .in RFP-1197 2 uses as a critical· parameter the area of inte,rsectipn· of the arms with the.column. For brevity, this .model hereafter will be referred to as the Al Model. (See Appendix A, Pag~ 17.) Details of calculational methods are given, followed by results of calculations concerning ·complicated, many-arm intersections similar to those examined experimentally. Finally, an empiricat mod.el for calculating safe .intersections is. described,, with examples of the application of the model. The predictio~'.s and range of .applicability of the current model are compared with those of previous empirical models ·developed by C. L. Schuske, 3 • 4 and. which ~e summarized.in Appendix A.
DETAILSOF CALCULATIONAL METHODS
Computer Code: All calculations were performed using the 05R Monte Carlo code.
5
Cross-section information was averaged using 64 subgroups per supergroup. Angular scattering used a P 8 approximation. Thermal neutrons were treated by the one-velocity option, using Hansen-Roach group sixteen data. 6 Each neutron· batch contained 200 neutrons, and generally 20 batches were run. However, most problems were limited to 1 15 .minutes of time on a CDC-3800·computer, and thus some problems could not be finished in the allotted time. The effective neutron multiplication factor, keff• was ·Computed for each batch as the ratio of the statistical weight of neutrons produced d~~ing a batch to the statistical weight of the neutrons present at the beginning of the batch. The first two batches were always discarded because of sour~e effects. These data support an attitude common to all the empirical models, all of which place more stringent . restrictions on diameter than on spacing. Thus, the :AfModel allows a maximum diameter o(3.9 inches for each of two arm~ in a quadrant, regardle'ss of whether they· are in contact or 10 inches apart.
BUCKLING CORRECTION -The central column used in all of the experiments was square, and it was suggested .in RFP-1l97 that the simple buckling relation noted below could be used to convert data from a square cQlumn of a i;iide of length a for use with a round column of a radius r: Table III , calculational results are given for two cases, evaluating the buckling correction for the column alone and for the column with 8 arms·. In· both cases, the square column was 7 inches on a . side and the circular column had a diameter of. 7.578 inches. (See Figure 5 .) For the two cases calculated, the buckling correction is conservative, and the decrease in keff resulting from the replacement of the square column by the rouml onP. is h1rg~r for the column with arms, prohahly because of a decrease in the interaction of the arins with the column.
AREA OF INTERSECTION AS A CRITICAL PARAMETER -The AI Model is based on the observation that the tqt~l area of inte.rsectipn of the.arms\ with the column is clo~ely related to the criticality of the system. For example, the arm diameter and the angle between the arm and th.e column may be jointly var.ied, keeping the intersection area constant, without 6 First, a simple T intersection (a coluflln with one arm) ·was studied. For () (theta), the ~ngle between the arm and the column, equal to 90°, both arm .and column had a diameter of 7 .7 inches. As the angle () was varied, the arm diameter was altered according 
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) to the formula d = d~ ysin(J, where d 0 = 7.7 inches; the column diameter. was unchanged. For angles of 10, 30, 60, and 90 degrees, the values of keff varied by only 0.6 percent (see Figure 6) . :1n the case where e (theta) = 0, this corresponds to an arm with zero diameter, i.e., n.o arm, and .the intersection area reduces to a line, so that .the area is discontinuous at e = 0. As a second test of the area o.f intersection concept, keff was calculated for. eight 5.15-inch diameter arms at 45° (corresponding to 6.12-inch arms at 90°) with a separation of 5.19 inches m~asured parallel to the column (Figure 7 ). The resulting keff was 0.961 ±0.021 compared to keff = 0.982 ±0.018 for the 6.12-inch arms at 90°, a difference of about 2 percent in keff · REPEATED INTERSECTIONS -The AI Model describes conditions for· arm intersf?ctions which m'ay be safely repeated at 18-inch intervals_, and a series of calculations was performed to see how keff increased as layers of arms were added. According to the minimal reflection model, the maximum permissible column diameter is 6.5 inches and the maximum arm diameter is 5.5 inches. Since the exact placing of the arms on the colum~ is not specified by the model, and four 5.5-int:h arms 1~ill nul fil i11 a plane layer around a 6.5-inch column, the staggered arrangt:ment of arms shown in Figure - 8 was adopted. ·Calculations were done for the 1-, 2-, 3-, aud 6-layer·cases. "In all examples, the column was 133.9 inches long an<I the layers uf ar111s were centered along the column; except for the six~layer case, the column extended at least 40 inches beyond the last layer of arms. As shown in Figure 9 , keff increases linearly from one to Llu·ee layers, and then an additional three layers produces a much smaller change in kc££ as the curve appears to level off at keff <0.86.
REFLECTOR SA VIN GS CORRECTION -All experiments were performed under conditions of minimal reflection, which include effects from vessel walls, the supporting ·apparatus, and concrete walls at least ten. feet away. In order to formulate a model for use under other conditions (e.g., a small room, a nearby wall, ur water flooding) without. ·obtaining morP. ·expe'r.imental data, a reflector savings correction was used in HFP-1197, based on a ·reflector savings curve for a single, infinite cylinder. In order to see h~w the correction applied to intersection geometries, two sets of calculations were performed, one for a cross A cross intersecti.on [i.e., a column with two arms· at 90° to the column and 180°'to each other, as noted in Figure lO(a) ] was used to test the reflector. savings correction cin a nearly critical intersection. Values of keff were calculated for a bare system and for systems reflected by ~ and by ·4 inches of water around the arms and column. In the first case, the arrrt and column radii were reduced by a.~ inch, and in the second case by 1.6 inches. As shown in Table IV , the reflector sav.ings correction is conservative; for· the reflected cases, keff is lower than for the bare case.
A sec·onci test of the reflector savings correction was made on pipe· intersections designed according to the three cases designated. in RFP-1197 as minimal, nominal, and full reflection. Values of keff were cakulated for the case of uue arm per quadrant· (staggered as in Figure 8 ) using the ·maximum.permissible arm and ·column diameters. Again, Table IV RFP-'1499 shows the correction to be conservative. Refer also to Figures lO(a) and (b) . (The diameter corrections for the case of full reflection were based ort the r.atio of diameters of fully .reflected and bare infinite cylinders).
Two Simple ·lriterseetions:
'In order to. provide ·critical data(for· cases where no experimental information exists) against which the predic;:tions of empirical models can be compared, c~itica'l diameters were calculated for a simple cross intersection and for a six-layer T intersectiQn [see Table V , and the critical diameter was found by linear interpolation. Th~ critical diameter for the cross wa~ found to be 8.4 .inches ±0.1, and for the six-layer T, 8.6 inches ±0.1. Figure. 11, where the safe region is indicated.) For the exa.mples which have thus far been considered by the GEC Model, the safe dimensions predicted by the model are at least 14 percent less than the critical diameters.
4. ·In practical situations, one must impose a maximum/pipe diameter to insur,e that any single pipe is safely subcritical, and this maximum will vary with the environment. Foriexample, if there is danger of flooding, one wouki require that a fully-reflected pipe_ be subcritical. Suggested maximum pipe diameters. for various conditions of reflection are given in RFP-1197.
The application of the above rules will be illustrated by several detailed examples. For. these, the fissile solution is uranyl nitrate at a concentratio.n of 451 grams per liter of uranium enriched to 93.1 percent by weight 235 U, and the only reflection is assumed to be from %-inch steel walls. This case is used because ·an approximate equation This gives b = 5.4 inches. For the same example, the AI Model gives a maxi_mum diameter of 3.9 inches for Arms 3 and 4. For Arms 1 and 2, the GEC model allows a maximum diameter of 6.0 inches, compared to a 5.5-inch maximum for the AI Model.
..
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... Column Diametor"' 6.0 inohoc, FIGURE 12. Example Used to Illustrate Application of Generalized Equivalent Cylinder Model.
Comparison of the Models: It is difficult to give a general, point-by-point comparison of the EC, AI, and GEC models. A fe.w differences and similarities are noted, as we II as a number of examples. For all examples which have thus far been considered, all three models give conservative results.
The most significant difference between the EC Model and the GEC Model is in the formula for the equivalent cylinder diameter. In the EC Model, the crMs-sectional area of the equivalent cylinder is the sum of the cross-sectional areas of the column and the arms. However in the GEC Model (at least for r = 0), the cross-sectional area of the equivalent cylinder equals the cross-sectional area of the column plus the -total area of intersection of a layer of a~ms with the column. For both models, the formula for DE involves both arm and column diameters, but in the AI Model the maximum arm diameter is not related to the column size. a (inner diameter)= 6.5 ·inches .
-FIGURE 1.3. Cross Intersection with Arms at Angle uf 45° to Column. example in the case of minimal l'eflection, the largest arm diameter is 5.5 inches whether the column diameter is 5.5 or 6.5 inches.
An important practical differenee between the EC and GEC Models and the AI Model concerns the type of experimentaLdata required to employ the models. The EC and GEC Models need critical' data for cylinders only, whereas the AI Model requires data on intersections, and the latter type of data is more difficult and expensive to obtain ..
A unique feature of the GEC Model is the distinction between repeated and nonrepeated intersections, permitting larger diameter arms if only a single intersec'tion were required.
EXAMPLE 3 -Illustrates f\}rther the application of the GEC Model and the considerations involved in comparing the three models.
I
Find the maximum safe diameter for two arms intersecting a 6.5-inch column at 45° as shown in Figure 13 . The fissile solution is again uranyl nitrate and Figure 11 is used.
The maximum arm diameter is calculated using each of the three models. First, for the EC Model, the maximum diameter is 5 inches, and the intersection may be repeated every 46 inches. For the. AI Model, the maximum diameter is 4.6 inches, and the intersection may be repeated every 18 inches. Using the GEC Mod.el with r = 1, the repeating distance is again 18 inches ·and the maxi~um arm diameter is 4.7 iriches. For the case of a single intersection, the GEC Model permits a maximum arm diameter of 5 .. 09 inches.
In order to compare the results obtained from the different mode ls, one must distinguish the case where only a single intersection is ·required from the case where in actuality the intersection is to be repeated at some interval along the column.
In the la.tter, one must consider. the length of the repetition interval as well as the maximum arm diameter. The AI and GEC Models give nearly identical results.for the repeating· situation, whereas the EC Model allows a .diameter which is approximately 9 percent greater, but requires a 250 percent increase in the interval length. Thus, iu te1'111S of the amount of fissile solution which can be placed in a given volume, the EC Model is more conservative than the other two.
If only a single intersection is desired, then the EC and GEC Models give about the same result, while the AI Model is more conservative.
Another aspect of the GEC Model illustrated by Example 3 concerns the angle ¢ (phi) between the two arms. In Figure 13 this angle is 180°.
Obviously a decrease i11 cp would increase the keff of the intersection, but since insufficient information was available concerning the variation of keff with ¢, the ¢ dependence was not included in the model.
(In the Al Model, ¢ must be at least 90°, since it was assumed the arms were in different quadrants.)
The experimental results in RFP-1197 were limited to¢= 90° or¢= 180° because of the square column, but with a circular column¢ ·may ·vary cont.innonsly from ¢min to 180°, where ¢min (the minimum value which ¢ may assume) is determined hy t.hP. gP.ometrical restriction that the arms must not overlap. . for .the same arms at cf>'"': 180o, the .intersection is subcritical with the column full. The buckling .assumption that a 7-inch s.quare. arm is equivalent to a 7.5S:.inch circular arm arid subtra.ctirig 0.28 .inches for the steel at the :interface implies th~t (for the geometry of Example :3.) two 7:3-inch arms on a 7.58-inch column are crit.ical. Thus the predi~ted diameter of 5.09 inches .is about 30. percent less· th~n the critical diameter, even for cf> = cf>min· EXAMPLE 4 -Find the maximum diameter for two arms intersecting a 6.5-inch column, withe =·cf> =·90°.
If the arms are required to lie in the· same plane, the maxi.mum diameter is 6.5/V'i= 4.6 inches by the purely geometrical considerations i~ Appendix B, Page 19. Now suppose the arms are not required ' to lie in a plane. The AI Model then allows each arm to be 5.5 inches in diameter, and the arms must be staggered by 3.2 inches, using the formula for hmin. from Appendix B. The GEC Model does not apply directly to this example, but one can make the conservative approximation that the desired intersection is no more reactive than two arms with· ¢ = 0 as for Sector II in Figure 12 . Under these conditions (n = l, N = 2), the maximum arm diameter permitted by the GEC Model is 7. 2 inches for the . . r = 0 ca~e, but this value must be reduced to 6.5 inches, sinr.P. that is the column diameter. For a repeated intersection (r = 1), the maximum diameter is 4.77 inches. (Note that it is not conservative .to apply the GEC Model with n = 2 and N = 1 and then decrease cf> ~o 90u by staggering the arms.)
The remaining examples are summarized in tabular form. A 6.,4;7-inch arm on a 7.7-inch ccolumn has keff = o'.87 (see Figure 6 , l'lige 7) •.
A 5 .44-inch arm on a 7 .7-inch column has keff = 0.11'7 (see Figure 6 ).
An 8.35-inch cross is nearly critic a 1 (~cc Table IV , Page 10).
An infinite array of 6.12-inch arms on a 7 .58-inch column is subcritical (refer to RFP-1197). See Table VII. A 3;21-inch arm on a 7. 7-inch column has keff = 0.868 (see Figure 6 ).
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See Table VII .
Two 7-inch square arms on a 7-inch square column are critica 1 for </> = 90°, oubcriLictd for</>= l 80°.
Four 5.5-inch arms on a 6.5-inch column has keff = 0.807 (see Figure 9 , Page 8) ..
Sixteen 4.06-inch Arm,; edge-to-edge on a 7-inch ~qu~re. colu~n are slightly subcritical.
A. 7-inch square column with six 6.12-inch arms I edge-to-edge is critical.
aModel actually allows a larger diameter, but since the column diameter is fixed at 6.5 inches, no arm can be greater than 6.5 inches. bExperimental critical data from RFP-1197; experimental diameters have been decreased by o.28 inches for the steel at the interface. .
CONCLUSIONS
Values of keff calculated for experimentally critical systems indicated that the 05R code gave reasonably accurate results for the geometries and materials considered. It should be noted that the ver8atilit.y of the 05R geometry is necessary to describe complicated pipe intersections.
The calculational results given show that the hypotheses used in the formulation of the empirical model of RFP-1197 are conservative, but not overly so. Some general results for intersections are:
The value of kP.ff depends much more strongly on pipe diameter than on the sepaniliou of two pipes, and hence an empirical model which gives sufficient restrictions on pipe diameter need not restrict separation as severely-.
2. The area ·of intersection of the arms with the column is a valid parameter to consider in nuclear safety problems.
The Generalized Equivalent Cylinder (GEC) Model provides restrictions which are reasonably, but not excessively, conservative for few-and many-arm intersections. The GEC Model (and also 'the EC and AI Models) has been found. to be conservative in all the examples to which the model has Leen applied, with the maximum diameters predicted by the G~C Model ranging from 14 percent to more than 30 percent below Lhe tritical diameters.
